1. Introduction {#sec1}
===============

Human serum albumin (HSA) is the most abundant multifunctional plasma protein (about 60% of total protein content). It is a small globular protein of 66,438 Da that accounts for both antioxidant functions such as ROS/RNS scavenging, extracellular redox balance, and redox active transition metal ion binding and transport functions for many molecules such as fatty acids, nitric oxide, hemin and drugs \[[@B1], [@B2]\]. Paradoxically, for cycling transition metal ions such as iron and copper from less reactive (ferric/cupric) to more prooxidant (ferrous/cuprious) states, albumin can also display prooxidant properties \[[@B3]\]. Furthermore, albumin acts as a strong inhibitor of apoptosis in cultured macrophages, neutrophils, lymphocytes, and endothelial cells \[[@B4]--[@B7]\]. In its primary structure, it contains 34 cysteine residues that contribute with 17 disulfide bridges to overall tertiary structure and one redox active free cysteine residue (Cys^34^), responsible for many functions described above \[[@B1], [@B2]\]. It has been reported that this highly reactive residue, which accounts for 80% (500 *μ*mol/L) of total thiols in plasma, is the preferential plasma scavenger of oxygen and nitrogen reactive species, having an unexpectedly low pKa compared to that of cysteine and glutathione \[[@B8]\].

HSA is present primarily in the reduced form (mercaptalbumin), although about 30--40% could be variably oxidized (nonmercaptalbumin), both reversibly as mixed disulfide with low molecular weight thiols \[[@B9]\], S-nitroso Cys \[[@B10]\], or sulfenic acid and irreversibly as sulfinic or sulfonic acid \[[@B11]\]. Furthermore, recently, it has been described that albumin, through nucleophilic residues and in particular Cys^34^, is the main plasma target of reactive carbonyl species such as 4-hydroxy-trans-2-nonenal, therefore acting as an endogenous detoxifying agent for these proatherogenic species \[[@B12]\].

Although a large number of clinical studies have associated both the albumin levels and the oxidation state of Cys^34^ to various clinical conditions such as aging \[[@B13]\], renal disease \[[@B14]\], hepatic disease \[[@B15]\], diabetes \[[@B16]\], and coronary artery disease \[[@B17]--[@B19]\], little is known about its pathophysiological significance.

Albumin S-thiolation by low molecular weight (LMW) thiols, such as cysteine (Cys), homocysteine (Hcy), cysteinylglycine (Cys-Gly), glutamylcysteine (Glu-Cys), and glutathione (GSH), is the most common Cys^34^ oxidative modification. Even though high plasma levels of homocysteine are known to be an important risk factor in arterial disease, the pathophysiological processes leading to arterial injury have not been fully understood yet. It has been reported that homocysteine promotes vascular endothelial dysfunctions \[[@B20]\], stimulates the proliferation of vascular smooth muscle cells \[[@B21]\], and induces extracellular matrix remodelling through activation of latent metalloproteinases \[[@B22], [@B23]\]. In this regard, also the activation of the pro-MMP-1, -8, and -9 by S-glutathionylation, via the so-called cysteine switch mechanism, has been described \[[@B24]\]. One interesting hypothesis on the molecular mechanisms of homocysteine action on vascular cells was proposed by Sengupta et al. \[[@B25]\], who suggested that albumin could be homocysteine vehicle inside the cells by some different described endocytic pathways \[[@B26]--[@B29]\].

We have previously demonstrated that LDL apolipoprotein B-100 is able to bind all plasma thiols \[[@B30]--[@B32]\] and that human carotid atherosclerotic plaques contain all LMW thiols present in plasma but with a different distribution \[[@B33]\]. Recently, by means of a proteomic approach on human carotid atherosclerotic plaques, we evidenced that the majority of extracted proteins were of plasma origin (about 70% of total proteins), with albumin being the most represented, and identified a panel of proteins differentially expressed/oxidized in stable and unstable lesions \[[@B34], [@B35]\].

The aim of this work was to evaluate if the prooxidant environment present in atherosclerotic plaque could oxidatively modify the filtered albumin. In particular we analysed fluorescein-5-maleimide labelled plasma and plaque extracts by nonreducing SDS-PAGE for Cys^34^ oxidation and assayed degree and pattern of HSA S-thiolation by applying a highly sensitive quantitative method recently developed by our research group \[[@B36]\].

2. Materials and Methods {#sec2}
========================

2.1. Sample Collection {#sec2.1}
----------------------

Twenty-seven atherosclerotic plaque specimens were collected from patients undergoing carotid endarterectomy and stored at −80°C until analysis. Blood samples were collected into Vacutainer tubes containing EDTA and immediately processed. After centrifugation at 2,000 g for 10 minutes at 4°C, plasma was separated and stored at −80°C until analysis. Informed consent was obtained before enrolment. The study was approved by the local Ethical Committees of the University of Sassari and of Centro Cardiologico "F. Monzino," IRCCS, in accordance with institution guidelines and conformed to the principles outlined in the Declaration of Helsinki.

2.2. Plaque Proteins Extraction {#sec2.2}
-------------------------------

Plaque segments were thawed at 4°C, washed in phosphate buffered saline to remove residual blood, weighed, and finely minced with a tissue slicer blade. Protein extraction was conducted in a buffer containing 6 mol/L guanidinium chloride, 50 mmol/L sodium acetate, 100 *μ*mol/L 4-amidinophenylmethanesulfonyl fluoride, 2 *μ*g/mL Kallikrein inactivator, and 50 *μ*mol/L leupeptin (pH 7) at a ratio of 7 mL of extraction buffer for 1 g of wet weight tissue, under continuous shaking for 1 hour at room temperature. The resulting suspension was centrifuged at 65,000 g in a TL-100 centrifuge (Beckman Coulter, Brea, USA) for 30 minutes at 20°C. Extracts were delipidated \[[@B37]\] and resolubilized in 250 mmol/L Tris, 4% SDS, pH 7. Protein concentration was quantified with the DC Protein Assay Kit (Bio-Rad, Hercules, USA) using bovine serum albumin as a standard.

2.3. Fluoro-Tagging of Protein Reduced Sulfhydryl Groups {#sec2.3}
--------------------------------------------------------

To evaluate HSA-Cys^34^ residue oxidation, we analysed fluorescein-5-maleimide (F5M) labelled plasma samples and plaque extracts by nonreducing SDS-PAGE, followed by fluorescence image acquisition and Coomassie Brilliant Blue G250 staining \[[@B35]\]. A calibration curve with commercial bovine serum albumin, ranging from 0.04 to 1.0 *μ*g, was set up. Both standards and samples were incubated with phosphate buffered saline containing 25-fold molar excess of F5M for two hours in the dark at room temperature following the manufacturer instructions (PIERCE Biotechnology, Rockford, USA). The fluorescent probe used is known to be effective for labelling reduced protein sulfhydryl groups at pH 6.5--7.5 forming a stable thioether bond \[[@B38]\].

2.4. Nonreducing SDS-PAGE {#sec2.4}
-------------------------

After F5M labelling both standards and samples were solubilised with Laemmli buffer 4X containing 250 mmol/L Tris, 8% SDS, 40% glycerol, 0.0008% bromophenol blue, and pH 6.8 at 60°C for 30 minutes. 4 *μ*L of each of derivatized standards and samples (about 1 *μ*g and 20 *μ*g of total proteins for plasma and plaque extracts, resp.), in duplicate, was resolved by Tris-glycine SDS-PAGE in 0.75 mm thick 10% T, 3% C running gel with a 5% T, 3% C stacking gel, in a Mini-Protean Tetra cell vertical slab gel electrophoresis apparatus (Bio-Rad, Hercules, USA). Electrophoresis was carried out in the dark at 50 V for 15 minutes and subsequently at 150 V until the bromophenol dye front reached the lower limit of the gel. Fluorescence images of resolved proteins were acquired by using the Gel Doc XR system (Bio-Rad). Subsequently, gels were stained with Coomassie Brilliant Blue G250 (CBB) and acquired by using GS-800 calibrated densitometer (Bio-Rad, Hercules, USA) at 63 *μ*m resolution. Gel images were analysed using Quantity One 4.6.3 software (Bio-Rad, Hercules, USA). HSA-fluorescence intensity data were normalized for HSA content.

Precision tests were performed as follows: intra-assay CV was evaluated by measuring fluorescent band intensity/*μ*g~HSA~ in the same sample, independently prepared ten times and loaded in the same gel, while inter-assay CV was determined by carrying out the measure on ten consecutive days.

2.5. HSA-Bound LMW Thiols Analysis {#sec2.5}
----------------------------------

Levels of Cys^34^-bound LMW thiols were evaluated as described previously \[[@B36]\]. Briefly, circulating and plaque-resident HSA were resolved by nonreducing SDS-PAGE. Then, HSA bands were excised from the gel, destained and LMW thiols extracted by incubating dried bands with 1% tri-n-butylphosphine in aqueous solution (10% tri-n-butylphosphine stock solution in N,N-dimethylformamide). After 5-iodoacetamidofluorescein (5-IAF) derivatization, LMW thiols were resolved by using a P/ACE 5510 CE system with 488 nm Argon ion laser (CE-LIF) (Beckman Coulter, Brea, USA).

2.6. Statistical Analysis {#sec2.6}
-------------------------

Differences between circulating human serum albumin and the corresponding plaque-filtered form were evaluated by using the paired Student\'s *t*-test. Both levels and distribution of LMW thiols in the two forms have been analysed by using Pearson\'s Product Moment Correlation test.

3. Results {#sec3}
==========

Preliminarily, we set up calibration curves and performed precision tests on the adopted method for evaluating HSA Cys^34^ total oxidation ([Figure 1](#fig1){ref-type="fig"}). Fluorescein-5-maleimide is a reagent effective for labelling free sulfhydryl-containing molecules since, at pH 7, the maleimide group is \~1,000 times more reactive toward a free sulfhydryl than to an amine \[[@B38]\]. Intra- and inter-assay CVs were 2.48% and 4.40%, respectively. Analyses evidenced deep differences between the circulating form of HSA and the corresponding filtered in plaque, the latter being about 2.8-fold less fluorescent with a *P* value \< 0.001 ([Figure 2](#fig2){ref-type="fig"}).

CE-LIF analyses evidenced no differences in total levels of HSA-bound LMW thiols (35% versus 47% of thiolation, *P* = 0.097) but a significant reduction of Cys-Gly (\~7-fold) and Hcy (\~2-fold) as well as an increase of GSH (\~2.8-fold) in plaque-filtered HSA compared to the circulating form ([Table 1](#tab1){ref-type="table"} and [Figure 3](#fig3){ref-type="fig"}) that reflect distinct patterns of thiolation ([Table 2](#tab2){ref-type="table"} and [Figure 4](#fig4){ref-type="fig"}). Overall, results on Cys^34^ thiolation highlight that, once filtered into the plaque environment, HSA releases 15.8 ± 10.9 and 32.4 ± 24.9 pmoL/nmoL HSA of HCy and Cys-Gly, respectively (corresponding to 16.2 ± 11.2 and 32.8 ± 23.9 nmoL/g extracted proteins for HCy and Cys-Gly, resp.), which is noteworthy considering the high HSA levels in plaque extracts (971.7 ± 536.9 nmoL/g extracted proteins). Pearson\'s correlation tests showed no correlation between LMW thiols bound to circulating HSA and the corresponding plaque-filtered form ([Table 3](#tab3){ref-type="table"}).

4. Discussion {#sec4}
=============

It is generally held that atherosclerotic plaques are characterized by a proinflammatory and prooxidant environment \[[@B39]\]. Previously, by applying proteomics to the study of carotid plaque vulnerability, we identified a panel of proteins differentially expressed in stable/unstable lesions, with prooxidant and proinflammatory potentials, according to our current understanding of the molecular basis of the atherosclerotic process \[[@B34]\]. Furthermore, the study evidenced that about 70% of extractable proteins from plaques were of plasma origin, with albumin being the most represented \[[@B34]\]. Recently, we focused on some protein oxidative modifications, which might occur in the plaque environment, observing a higher degree of protein sulfhydryl oxidation of both plasma-derived and topically expressed proteins in unstable plaques, partly due to higher levels of S-thiolation \[[@B35]\]. *In situ* oxidative events may have important functional consequences on protein metabolic fate as well as on their bioactivity and antigenic properties. Therefore, in this study, we evaluated albumin Cys^34^ oxidation/thiolation that could follow its subendothelial infiltration in atherosclerotic plaque.

The degree of Cys^34^ oxidation was evaluated by fluorescein-5-maleimide labelling of plasma and plaque extracts. Samples were resolved by nonreducing SDS-PAGE and analysed for fluorescent band intensity after normalization for HSA quantity. The Cys^34^ residue of plaque-filtered HSA was almost 3 times more oxidized with respect to the corresponding circulating form, indicating that the latter, once filtered in plaque, is subjected to Cys^34^ oxidative modifications, probably due to the strong prooxidant environment.

Degree and pattern of protein S-thiolation are the result of both reactivity and levels of LMW-thiols and of protein-SH groups microenvironment. S-Thiolation of circulating albumin by LMW thiols is the most prevalent Cys^34^ oxidative modification. Although the proinflammatory mechanisms mediated by LMW thiols are not yet completely understood, one interesting hypothesis suggests that albumin could be an homocysteine vehicle inside the cells where it could exert its noxious effects. In particular, after proteolysis in lysosomes, both Hcy and the other LMW thiols could be released into the cytosol, where they may alter the intracellular redox potential or modify intracellular proteins resulting in cellular dysfunction \[[@B25]\].

We evaluated albumin Cys^34^ thiolation in plasma samples and in the corresponding plaque extracts by a new approach consisting of a preanalytical HSA purification by nonreducing SDS-PAGE, *in gel* extraction of LMW thiols and analysis by CE-LIF \[[@B36]\]. Although no differences in total HSA-bound LMW thiols levels between the circulating and filtered forms were found, the obtained results evidenced pattern of thiolation specific for the vascular compartment in which HSA resides. In confirmation of these findings, Pearson\'s test indicated no correlation between levels of LMW thiols bound to the two forms. Interestingly, GSH was significantly higher while both Cys-Gly and Hcy were lower in plaque-filtered HSA. Our data demonstrates, for the first time, that, once filtered, albumin releases significant amounts of Hcy and Cys-Gly in the plaque environment corresponding to 16.2 ± 11.2 and 32.8 ± 23.9 nmoL/g extracted proteins, respectively. Compared to our previous data on total and protein-bound intraplaque LMW thiols \[[@B33]\], such levels represent the bulk of free Hcy and Cys-Gly inside the plaque environment. The different equilibrium in the LMW thiols bound to filtered albumin, with respect to the circulating form, could be partly explained by the high intraplaque GSH levels \[[@B33]\]. We hypothesize that, after being filtered into the carotid subendothelial space, albumin is subjected to Cys^34^-glutathionylation leading to the release of both Hcy and Cys-Gly in the plaque environment. The high intraplaque GSH levels are probably due to cell lysis during apoptotic and/or necrotic events, as suggested by the positive correlation between haemoglobin and GSH levels previously described in carotid plaque extracts \[[@B33]\]. In this regard, haemoglobin represented about 2.6% of total extracted proteins \[[@B34]\], suggesting the relevance of red blood cell lysis in the elevated levels of intraplaque GSH. We have previously demonstrated that circulating LDL apolipoprotein B-100 is able to bind all plasma thiols \[[@B30]--[@B32]\]. After infiltration in subendothelial space, oxidative events could lead to proatherogenic LDL isoforms more susceptible to internalization by macrophages. Together with our previous report \[[@B33]\], the present results highlight *in situ* oxidative modifications of plaque extractable protein sulfhydryl groups that could play noteworthy roles in atherosclerotic plaque development and deserve further investigations. Since no differences in the degree of total Cys^34^ thiolation between the two forms of albumin have been detected, the higher degree of oxidation observed could be ascribed to other oxidative modifications driven by ROS, RNS, and reactive electrophilic aldehydes \[[@B10]--[@B12]\].

5. Conclusions {#sec5}
==============

By comparing circulating and plaque-filtered HSA, we evidenced that the prooxidant environment present in atherosclerotic plaque could modify filtered proteins also by protein-SH group oxidation, probably contributing to plaque progression. Moreover, the results showed patterns of HSA thiolation specific for the filtered form and demonstrated, for the first time, that albumin is a homocysteine and cysteinylglycine vehicle inside the plaque environment. In this respect, the contribution of GSH to the intra-plaque protein-bound LMW thiols equilibrium seems to be of particular importance. For the first time, such a modification in a plasma protein largely filtered in carotid plaque has been described.

The authors thank Dr. Giustina Casu Finlayson for the English language revision. This study was supported by Regione Autonoma della Sardegna (Grant no. CRP-26789 and P.O.R. Sardegna F.S.E. 2007/2013, Asse IV Capitale Umano - Obiettivo competitività regionale e occupazione, Asse IV Capitale umano, Linea di Attività l.3.1) and by "Fondazione Banco di Sardegna" (Sassari, Italy).

Conflict of Interests
=====================

The authors declare that there is no conflict of interests regarding the publication of this paper.

![Calibration curves (a) showing a fluorescence linear response of fluorescein-5-maleimide (F5M) labelled BSA over the tested range (0.04--1.0 *μ*g) with a determination coefficient *R* ^2^ = 0.998, and a Coomassie Brilliant Blue G-250 (CBB) second order polynomial response with *R* ^2^ = 0.999 obtained by image analysis on 1D gels (b). AU: arbitrary units; BSA: bovine serum albumin.](OMCL2014-690953.001){#fig1}

![Degree of HSA-Cys^34^ labelling by F5M in plasma and in the corresponding plaque extracts expressed as fluorescent band intensity normalized for *μ*g of HSA (a) obtained by image analysis of 1D gels. Circulating HSA (lanes 1, 3,...) and the corresponding plaque-filtered form (lanes 2, 4,...) from 10 representative patients are reported (b). CBB: Coomassie Brilliant Blue; F5M: fluorescein-5 maleimide.](OMCL2014-690953.002){#fig2}

![Levels of LMW thiols extracted from both circulating and plaque-filtered HSA, expressed as pmoles per pmoles of albumin, obtained by CE-LIF analysis. \*Significant differences between the two HSA forms (*P* \< 0.001). Cys-Gly: cysteine-glycine. HCy: homocysteine. Cys: cysteine. GSH: glutathione. Glu-Cys: glutamyl-cysteine.](OMCL2014-690953.003){#fig3}

![Pattern of S-thiolation of circulating (a) and filtered HSA (b).](OMCL2014-690953.004){#fig4}

###### 

Levels of HSA-bound LMW thiols in plasma and plaque assayed by CE-LIF analysis.

  HSA-bound thiols   Plasma          Plaque          Plaque versus plasma
  ------------------ --------------- --------------- ----------------------
  Cys-Gly            37.5 ± 24.5     5.1 ± 5.6       **\<0.001**
  Hcy                23.2 ± 8.7      9.8 ± 12.8      **\<0.001**
  Cys                402.2 ± 150.1   324.2 ± 329.0   0.227
  GSH                3.4 ± 1.9       9.6 ± 6.5       **\<0.001**
  Glu-Cys            1.5 ± 0.9       1.8 ± 1.2       0.347
  TOTAL Thiol        468.8 ± 165.2   351.1 ± 345.6   0.097

Values are mean ± SD.

Significant differences are reported in bold (*P* \< 0.05).

^∗^Paired Student\'s *t*-test.

###### 

Distribution of HSA-bound LMW thiols in plasma and plaque.

  HSA-bound thiols   Plasma (%)     Plaque (%)     Plaque versus plasma *P* value\*
  ------------------ -------------- -------------- ----------------------------------
  Cys-Gly            8.01 ± 4.22    1.61 ± 1.26    **\<0.001**
  Hcy                5.10 ± 1.69    2.52 ± 1.07    **\<0.001**
  Cys                85.84 ± 5.15   89.78 ± 5.80   **\<0.001**
  GSH                0.73 ± 0.33    5.29 ± 5.55    **\<0.001**
  Glu-Cys            0.32 ± 0.15    0.79 ± 0.54    **\<0.001**

Values are mean ± SD.

Significant differences are reported in bold (*P* \< 0.05).

^∗^Paired Student\'s *t*-test.

###### 

Pearson\'s correlations between HSA-bound LMW-thiols levels in plasma and in plaque.

  HSA-bound thiols   Correlation coefficient   *P* value
  ------------------ ------------------------- -----------
  Cys-Gly            0.049                     0.812
  Hcy                −0.144                    0.482
  Cys                0.275                     0.174
  GSH                0.269                     0.183
  Glu-Cys            0.005                     0.980
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